Abstract-An accurate model of IEEE 802.11e EDCA for a performance analysis that captures all major QoS features of the standard is introduced in this paper. Using the model, we derive the saturation throughput, and validate the accuracy of the proposed model through comparisons with other models via simulations.
I. INTRODUCTION
T O overcome the QoS problem of IEEE 802.11, the IEEE 802.11 working group has designed a new protocol designated IEEE 802.11e [1] . In defining enhanced distributed channel access (EDCA), the new protocol introduces four access categories (ACs) to classify traffic. Each AC has its own transmission queue and its own set of service differentiation parameters, such as minimum and maximum contention windows and arbitration interframe spaces (AIFS). Basically, EDCA is a contention-based mechanism that provides shorter channel access delay to higher priority classes in order to improve QoS.
For more successful deployment of QoS-aware MAC, the performance model and analysis need to capture the major QoS features. In recent years, based on Bianchi's work [2] , several papers have analyzed the performance of IEEE 802.11e EDCA using analytical models. Hui and Devetsikiotis [3] provided the saturation throughput and delay by using a transmission probability matrix P with a unified model. However, the model did not consider the backoff counter freezing before the end of AIFS. Zhu and Chlamtac [4] presented the throughput and delay under saturation conditions, but the AIFS difference was considered with only the highest priority class. These inaccuracies in their models affect important measures including the throughput. Each AC cannot decrease its backoff counter and send its frame before the end of its AIFS even if the channel is idle. Therefore, higher priority classes can decrease their backoff counters relatively faster and transmit more frames, since they may decrease the counters and have more opportunities to transmit frames, while lower priority classes should wait until the end of their AIFS. After every busy medium, AIFS starts again; hence backoff freezing and transmission freezing due to AIFS directly affect the throughput performance. Larger differences of AIFS among ACs and larger number of stations in the network result in a greater effect on the throughput, because the frame transmission probabilities of higher priority classes will increase before the end of AIFS of lower priority classes. In this paper, we propose a new Markov chain model that describes the major QoS-specific features of IEEE 802.11e EDCA, including the effects of AIFS mentioned above. From the proposed model, we provide the saturation throughput for all ACs with arbitrary contention windows and AIFS values. Simulation results confirm the accuracy of the proposed model and analysis.
The remainder of this paper is organized as follows: we introduce the proposed analysis model in Section II and present numerical approaches in Section III. The results of the performance analysis are compared with simulation results in Section IV. Finally, we conclude this paper in Section V.
II. ANALYSIS MODEL
In a saturation condition, the backoff stage i starts from the initial backoff stage with i = 0. After each unsuccessful transmission, the backoff stage increases until it reaches the frame retry limit, m k , for class k (k = 0, 1, 2, and 3), where k = 3 is the highest priority class and k = 0 is the lowest priority class. If a frame has a collision in the m k -th backoff stage, the frame will be dropped. Let W k,i denote the contention window size for class k in the i-th backoff stage. The value of the backoff counter for class k in the i-th backoff stage is uniformly chosen in the interval [0, 1, . . . , W k,i − 1], and the contention window size is
where m k,L is the backoff stage where the window size has a maximum value, W k,max .
In [1] , the value of AIFS for class k is given as Frame collision probability for class k. P S k Probability that exactly one AC k transmits a frame given at least one transmission. P T Probability of the occurrence of at least one transmission.
Contention window size for class k in the i-th backoff stage.
Frame transmission probability that a station transmits a class k frame during a slot time.
periods, A r , (r = 0, 1, 2, and 3), and the freezing counters, B k , for class k. As shown in Fig. 1 , the maximum of A r , A r,max , and B k are given as
We assume the saturation condition; hence at least one frame will start to be transmitted before the end of A 0,max period. The freezing counter for the highest priority class is zero, i.e., B 3 = 0. (In this paper, if the summation to from and the production to from satisfy any condition that "from" > "to" or "from" < 0 or "to" < 0, then we assume to from = 0 and to from = 1, respectively.) AC k whose priority is higher than or equal to r can reduce its backoff counter and transmit its frame during the A r period. (The index r and the index k have different meanings. As shown in Fig. 1 , the index r indicates the AIFS periods, A r , whereas the index k means the service priority.) For example, AC 3 and AC 2 can reduce their backoff counters and transmit frames during the A 2 period while AC 1 and AC 0 cannot. Hence, the channel is idle during the A r period if all AC k whose priorities are higher than or equal to r do not transmit frames in the A r period. In the previous example, the channel is idle during the A 2 period if AC 3 and AC 2 do not transmit frames in the A 2 period. Therefore, the channel idle probability, f r , for each slot time in the A r period is dependent on the frame transmission probabilities of all AC k whose priorities are higher than or equal to r. We can express f r as
where τ k is the frame transmission probability that a station transmits a class k frame during a slot time and n k is the number of stations for class k.
After every busy medium, the A r periods start again from A 3 to A 0 . In Fig. 1 , the A 3 period comes first after the busy medium and the A 2 period follows if none of frames is transmitted during the A 3 period. The A 1 and A 0 periods then follow if none of frames is transmitted during the preceding periods. Therefore, the average (C r ) of A r is given as
As shown in Fig. 2 , we analyze EDCA on the basis of the newly proposed bi-dimensional Markov chain model, where the state (k, i, j, t) indicates the class k, the backoff stage i, the backoff counter j, and the freezing counter t, Fig. 2 introduces two kinds of freezing chains: left freezing chain for j = 0 and right freezing chain for 1 ≤ j ≤ W k,i − 1. When t = 0, a frame is transmitted in the left freezing chain, whereas the backoff counter decreases in the right freezing chain if the channel is idle. These freezing chains describe the backoff counter freezing and the frame transmission freezing before the end of AIFS.
The proposed model has the following three state transitions:
• The freezing counter decrease transition
in which AC k should wait during B k to have an opportunity to decrease its backoff counter and to transmit its frame. If the channel is idle in the freezing chains, AC k decreases its freezing counter. Otherwise, if any frame is transmitted during B k , AC k should wait for the frame transmission time and the freezing counter again. the channel is idle. (After the channel is successively idle during B k , AC k enters this transition.)
• The frame transmission transition (j = 0, t = 0), in which AC k transmits its frame.
In our model, as shown in Fig. 2 , we define three probabilities for class k to move to other states: h k is the channel idle probability in the freezing counter decrease transition; g k is the channel idle probability in the backoff counter decrease transition; and p k is the frame collision probability.
As noted above, AC k whose priority is higher than or equal to r can transmit its frame in the A r period and each AC has a different freezing counter defined in (3). Therefore, using (4), we can express h k for class k as
Since B 3 = 0, h 3 is not applicable in (6). By using (6), we can draw the details of the freezing chains in Fig. 3 according to the freezing counter.
When AC k enters the backoff counter decrease transition, it can reduce its backoff counter if the channel is idle during the A r period. The average of A r is given in (5). (AC k can reduce its backoff counter after the end of B k .) The channel will be sensed idle to a given AC 1 if none of ACs (except the given AC) transmits a frame in a slot time. Therefore, g k for each class is
In (7), g k for each class has different values according to C r ; hence, we can approximate
where
In a similar manner as employed to obtain g k in (8), we obtain p k for class k as
III. NUMERICAL APPROACHES Let b k,i,j,t denote the stationary distribution of the proposed Markov chain model. In a steady state, we derive the following relations through chain regularities from Fig. 2 for class k: 
Using (6) and Fig. 3 , we obtain b k,i,j,t in the freezing chains for 1 ≤ t ≤ B k as (14), where
By using (6) and (14), we can rewrite (11) as
From (15), we obtain
In a similar manner as used to obtain b k,i,0,B k in (16) from (11) using (15), we obtain b k,i,j,B k from (12) as
We can express the normalized condition as four summation 
parts:
Using (10), we calculate the first summation part in (18) as
By applying (10), (14), and (16), we obtain the second summation part in (18) as
With (10) and (13), the third summation part in (18) is expressed as
Finally, using (10), (13), (14), and (17), we derive the fourth 
From (18), (19), (20), (21), and (22), we obtain
A station transmits a class k frame in (k, i, 0, 0) states. Therefore, we get the frame transmission probability
Substituting (1), (4), (8), and (9) to (24), we can numerically solve unknown variables. As mentioned above, the opportunity of frame transmission is determined by the A r period. Therefore, we can express the probability of the occurrence of at least one transmission as where C sum = C 3 + C 2 + C 1 + C 0 . From Appendix we obtain the probability that exactly one AC k transmits a frame given at least one transmission as
The normalized throughput, S k , for class k is defined as the fraction of time in which the channel is used to transmit class k frames successfully. Following Bianchi's approach [2] , we express S k as
where E[P ] is the average time to transmit a frame with payload length P , P S = 3 k=0 P S k , T S is the average time for a successful transmission, and T C is the average time that the channel is sensed busy due to a collision. The quantities of T S and T C are explained in [2] . The total throughput, S, is given as
IV. SIMULATION RESULTS AND DISCUSSION Simulations were conducted to validate the proposed analytical model with NS-2 [5] . We use the simulation parameters presented in Table I in [3] with a payload size of 1500 bytes at 2 Mb/s transmission rate for comparisons with previous works. 2 In the RTS/CTS access method, T S is 7.372 ms and T C is 0.403 ms for the proposed model. The QoS parameters of Experiment 4 in Table III in [3] with 5 stations and the parameters of Experiment 8 in [3] are used for comparing the performance according to the AIFS difference and the number of stations, respectively. In Figs. 4 and 5 , numerical results are compared with those of [3] and [4] . The results show that the analytical approach of the proposed model is fairly accurate for the throughput of IEEE 802.11e EDCA.
In Fig. 4 , the total throughput, S, is almost the same value in all models, but the errors of each AC of [3] and [4] increase as the AIFS difference increases. The highest class, AC 3 , can transmit more frames in the A 3 period as A 3,max increases. In Fig. 5 , we show the throughput S, S 3 and S 2 , and omit S 1 and S 0 because the values of S 1 and S 0 are small enough to be negligible. The errors of [3] increase as the number of stations increases, and the values of S 2 of [4] are too small.
V. CONCLUSION
In this paper, we have proposed an analytical model for the performance analysis of IEEE 802.11e EDCA under saturation condition. Using the model, we present the analytical performance for the throughput that reflects the effects of the major QoS features of EDCA, including the effects of contention windows and AIFS. The accuracy of the model and analysis is validated through comparisons with other models via simulations. Considerably accurate matches between the analytical and simulation results are obtained.
APPENDIX
In this Appendix, we calculate P S k in (26). As mentioned in Section II, AC k whose priority is higher than or equal to r can transmit its frame in the A r period. Therefore, AC 3 can transmit its frame during A 3 , A 2 , A 1 , and A 0 . AC 2 can transmit its frame during A 2 , A 1 , and A 0 , and so on. The average of A r is Cr given in (5). We can express P S k for each class as (A-1)-(A-4) (see (A-1)-(A-3) on next page).
We can simplify (A-1), (A-2), (A-3), and (A-4) as
(A-5)
